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with tuneable porosity and their comparative
photocatalytic activities
Hanfeng Liang,a Wei Chen,a Xinde Jiang,a Xun Xu,b Binbin Xuab
and Zhoucheng Wang*a
a-Fe2O3 2D hollow microplatelets were synthesized by a facile one-pot template-free solvothermal
method. The effect of synthetic parameters on the morphology and structure of the product was
systematically studied. And the possible formation mechanism was proposed. Interestingly, by simply
varying the concentration of NH4F, a-Fe2O3 hollow microstructures with similar platelet-like shapes but
different porosities can be readily obtained. Their comparative photocatalytic activities were also
investigated.Introduction
Owing to their well-dened interior voids, low density, large
surface areas, stability and surface permeability, hollow micro-
and nanostructures have been used in widespread applications
such as catalysis, sensors, energy storage, and so on.1–16 The
general route to fabricate hollow structures involves three steps:
preparation of sacricial templates, either hard ones such as
metal oxides,2,5–7 silica,8 polymer latex spheres,9 and carbon
spheres,10 or so ones such as emulsion micelles;4,11 deposition
of the designed materials onto the templates; and selective
removal of the templates via chemical etching or thermal
decomposition. Templating methods are extensively used in the
fabrication of hollow structures while they still suffer from the
tedious procedures and the difficulty in coating desirable
materials onto the template surface due to their incompatibility
issues.12,13 In this regard, several methods based on the Kir-
kendall effect,14 Ostwald ripening,3 chemical etching6,12 and
self-assembly techniques15 have been developed for efficient
production of various hollow structures. However, as a major
limitation, most of the products obtained from these
approaches are hollow spheres. And the preparation of
nonspherical hollow structures still remains a big challenge.
The hard parts are the paucity of nonspherical templates and
the difficulty in forming a uniform coating around high curva-
ture surfaces.6 Thanks to the efforts frommany research groups,
signicant progress has been made towards the fabrication of
hollow structures with nonspherical shapes, including one-
dimensional (1D) nanotubes,17 nanobers,18 nanococoons,2 andring, Xiamen University, Xiamen 361005,
86 592 2180728; Tel: +86 592 2180728
Xiamen 361005, China. Fax: +86 592
0–4346three-dimensional (3D) nanoboxes,12,16 octahedra,7,19 and poly-
hedra.3,20–22 However, the exploration of nonspherical hollow
structures is still limited. In particular, there has not been any
report on the synthesis of two-dimensional (2D) hollow struc-
tures. 2Dmaterials have received intensive attention in catalysis
and energy devices due to their large exposed surfaces and
specic facets.23,24 It can be expected that 2D materials with a
void interior would exhibit unique properties since they may
hold the advantages of both 2D and hollow structures. There-
fore, it is of great interest to synthesize 2D hollow structures and
investigate their properties.
Hematite (a-Fe2O3), as an important n-type semiconductor
with the band gap of 2.2 eV, has been widely used in catalysis,2,20
sensors,25 lithium-ion batteries,17 and water splitting26 owing to
its low cost, low toxicity and high resistance to corrosion. Much
effort has been directed toward the fabrication of a-Fe2O3
micro- and nanostructures with tailored shapes to enhance
their performance in currently existing applications. To date,
a-Fe2O3 with various morphologies, such as rods, cubes, wires,
ower-like shapes and hollow structures, has been synthe-
sized.2,17,20,27–30 Among them, hollow structures have attracted
increasing attention. Nevertheless, there are few reports on the
template-free synthesis of nonspherical hematite hollow struc-
tures.20,22,31 On the other hand, porous materials have also
attracted much attention. Many strategies have been developed
for the preparation of porous nanomaterials. However, it still
remains a great challenge to synthesize nanomaterials with
similar shapes but different porosities. Recently, Lou et al.
demonstrated a selective etching method to fabricate a-Fe2O3
microparticles with tunable porosity.32 Wang et al. reported the
synthesis of tunable porous a-Fe2O3 structures by using a
similar route.33 However, such a method oen requires accurate
control of experimental parameters and suffers from tedious
procedures. More importantly, as the etching procedure goesThis journal is © The Royal Society of Chemistry 2014
Fig. 1 (a) Low magnification SEM, (b–d) TEM images, (e) corre-
sponding SAED pattern and (f–h) HRTEM images of a-Fe2O3 2D
hollow microplatelets obtained after solvothermal reaction with
3mmol NH4F. The inset of (a) shows the highmagnification SEM image
of an individual a-Fe2O3 particle.












































View Article Onlineon, the morphologies may nally become quite different from
the original ones. Therefore, although the porosity can be easily
tuned, in most cases, samples prepared by this method can
hardly be considered as parallel subjects since they possess
different morphologies. We recently demonstrated the
synthesis of a-Fe2O3 nanospindles with controlled porosity
using a facile hydrothermal route.34 However, the result is still
not quite satisfactory since it requires adjustment of several
parameters (e.g. additive concentration and reaction tempera-
ture) to tune the porosity of the product. And this brings addi-
tional difficulty to maintain the morphologies of the products
with different porosities. Therefore, for an in-depth under-
standing of the benecial effect of porous structures, it is highly
desirable to develop a facile method for the fabrication of
materials with similar morphologies but different porosities.
Herein, we report a one-pot solvothermal approach to
synthesize hollow 2D platelet-like a-Fe2O3 microstructures.
Interestingly, by simply varying the concentration of NH4F, the
porosity of a-Fe2O3 microstructures can be readily tuned. Three
samples with different porosities but similar shapes were
prepared and their visible-light photocatalytic activities were
also evaluated. The result shows that the sample with higher
total pore volume exhibited improved visible-light photo-
catalytic activity towards the degradation of rhodamine B (RhB).
Experimental section
Synthesis
5 mmol of Fe(NO3)3$9H2O and 3 mmol of NH4F were dissolved
in 30 mL of ethylene glycol (EG) to form a homogeneous solu-
tion. Subsequently, 3 mL of ethylenediamine (EDA) was added
dropwise into the solution under vigorous stirring. Then the
mixture was transferred into a Teon-lined stainless steel
autoclave of 50mL capacity, sealed andmaintained at 200 C for
24 h. Aer the mixture was cooled to room temperature natu-
rally, the obtained product was collected and washed several
times with deionized water and ethanol, and nally dried at
60 C for 12 h.
Characterization
The phase and morphology of the products were characterized
by X-ray diffraction (XRD, Philips, X'pert PRO) with Cu Ka
radiation (l ¼ 1.54056 Å), scanning electron microscopy (SEM,
LEO 1530), and high-resolution transmission electron micros-
copy (HRTEM, JEOL JEM-2100). The BET-surface area of cata-
lysts was measured by N2 adsorption using the single point
method.
Photocatalytic activity measurements
The photocatalytic activities of the products were evaluated by
visible light photo-degradation of rhodamine B (RhB). In a
typical test, 100mg of a-Fe2O3 hollowmicroplatelets were added
to 100 mL of 20 mg L1 RhB solution, followed by addition of
1mL of 30 wt%H2O2. The suspension was stirred in the dark for
60 min to reach absorption equilibrium and then irradiated
using a photochemical reactor (visible-light 420 nm, NBETThis journal is © The Royal Society of Chemistry 2014HSX-F300, Beijing) under continuous stirring. Analytical
samples were taken from the reaction suspension aer various
reaction times and centrifuged to remove the particles for
analysis. UV-vis adsorption spectra were recorded at different
intervals to monitor the degradation process using a Shimadzu
2550 spectrophotometer.Results and discussion
Fig. 1a shows the typical SEM image of the product obtained
aer solvothermal reaction with 3mmol of NH4F, indicating the
presence of well-distributed microcrystals with diameters of ca.
1.8 mm and heights of ca. 600 nm. A close observation shows
that these microplatelets are assembled from plate-like
subunits (the inset of Fig. 1a). From the side-view TEM images
of the microplatelets (Fig. 1b and c), the hierarchical structure
can be seen clearly, suggesting that the microplatelets are
hierarchical structures that assembled by particular subunits.
Fig. 1d shows a top-view TEM image of an individual micro-
platelet, a distinct hollow interior can be identied clearly in the
center of the microplatelet (Fig. 1d). The corresponding selected
area electron diffraction (SAED) pattern (Fig. 1e) of an indi-
vidual microplatelet reveals the single-crystal feature of the
product. Fig. 1f and g show the enlarged images of the areas
marked by squares in Fig. 1d, further conrming the plate-
assembly feature of the product. The HRTEM image (Fig. 1h)
taken from the area marked by a square in Fig. 1g indicates the
high-crystalline nature of the a-Fe2O3 microplatelets. The lattice
fringes are clearly visible with a spacing of 0.25 nm, corre-
sponding to the distance of the {11–20} planes of a-Fe2O3.
To gain insight into the details of morphological evolution of
the 2D hollow a-Fe2O3 microplatelets, experiments were con-
ducted at different reaction times. The results reveal that only
columnar nanoparticles can be obtained when the reaction time
is less than or equal to 12 h (Fig. 2a and b). As the reaction time
goes on, the product containing both microplatelets and
nanoparticles is observed (Fig. 2c). It seems like theJ. Mater. Chem. A, 2014, 2, 4340–4346 | 4341
Fig. 2 SEM images of the products collected at different reaction
times: (a) 3 h, (b) 12 h, (c) 16 h and (d) 20 h. Scale bars: 500 nm. The
reactions after 20 h (e.g. 24 h, 30 h, 36 h) would yield microplatelets
similar to the product obtained at 20 h.












































View Article Onlinenanoparticles serve as building blocks and begin to show a
tendency to assemble into microplatelets by oriented attach-
ment (OA) at this time. The OA mechanism has been well
studied in a previous report in the cases of 1D chain-like and 2D
single-layer a-Fe2O3 structures.35 Generally, the OA growth
process is driven by the reduction of surface energy and the
increase in entropy.36,37 When the reaction time is further pro-
longed to 20 h, the 2D a-Fe2O3 microplatelets are obtained as
the predominant product (Fig. 2d). And from this point, the
structure of the products remains the same even for a longer
reaction time.
Apart from the reaction time, the addition of EDA and NH4F
should also play an important role in the formation of 2D
hollow a-Fe2O3 microplatelets since no templates or surfactants
were used in this system. We rst investigate the role that EDA
played in the formation of 2D microplatelets. The reaction in
the absence of EDA yields nanocrystals with irregular shapes
(Fig. 3a). A relatively low EDA amount does not favor the
formation of platelet-like structures but favors the formation of
columnar nanoparticles (Fig. 3b). The perfect 2D hollow
microplatelets can be obtained only by supplying a certain
amount of EDA (i.e. 3 mL, Fig. 3c). As the amount of EDA further
increases to 4 mL, microplatelets and nanoparticles can beFig. 3 SEM images of the products obtained after solvothermal
reaction with different amounts of EDA: (a) 0 mL, (b) 2 mL, (c) 3 mL and
(d) 4 mL. Scale bars: 500 nm.
4342 | J. Mater. Chem. A, 2014, 2, 4340–4346obtained. And the surface of the microplatelets becomes
smooth. This is probably due to the fact that the excess OH
(the strongly basic EDA can increase the system pH38) would
bind onto the Fe3+ polar planes and prevent the negatively
charged O2 surface from further reaction, resulting in the
formation of a at and smooth surface.30,39
The effect of NH4F concentration on the morphology of the
product was subsequently studied. As shown in Fig. 4a, the
product obtained without the presence of NH4F contained
uniform nanospheres. The inset of Fig. 4a shows the TEM
image of an individual nanosphere. A distinct hollow interior
can be clearly observed, indicating that hollow spheres are
obtained. From the XRD pattern (Fig. 4b), it can be seen that all
the diffraction peaks are in good agreement with those of
magnetite (JCPDS card no. 65-3107), which suggests that the
obtained hollow nanospheres have a cubic Fe3O4 structure with
high purity and crystallinity.
We then investigated the inuence of other synthetic
parameters (e.g. iron source, solvent and temperature) on the
morphology of the product. Fig. 5a shows the SEM image of the
product obtained by using iron chloride as the iron precursor. It
can be seen that the product is composed of spindle-like
structures. And it seems like the spindle-like structures are
assembled by subunits. It is also noted that only a-FeOOH can
be obtained when iron chloride was used as the iron precursor
(JCPDS no. 29-0713, Fig. 5f). This result suggests that the iron
salts can directly inuence the morphology and phase of the
nal product. Besides the iron source, the solvent (EG) used
here is also found to be important for the formation of micro-
platelets. It is believed that the solvents can inuence the
morphology and even the formation of nanocrystals.40 To learn
more about the effect of solvent (EG) on the product, we per-
formed the experiments in different solvents (water and
ethanol). As shown in Fig. 5b and c, only a-Fe2O3 (JCPDS no.
33-0664, Fig. 5f) nanoparticles (e.g. truncated hexagonal bipyr-
amids) or nanoplates can be obtained by replacing EG with H2O
or ethanol. And no assemblies are observed in these two
samples. This difference may be attributed to the different
viscosities of solvents. Compared to H2O and ethanol, the
viscosity of the EG solution is much higher, whichmay favor the
kinetically slow aggregation of nanocrystals. According to
the Einstein–Stokes theorem, the relationship between the
diffusion coefficient (D) of a solute in a solvent and the viscosity
(h) of the solution can be expressed as: D¼ kBT/6phr, where kB is
Boltzmann's constant, T is the temperature of the solvent, r isFig. 4 (a) SEM image and (b) XRD pattern of the product obtained after
the solvothermal reactionwithout the addition of NH4F. The inset of (a)
shows the TEM image of an individual nanosphere.
This journal is © The Royal Society of Chemistry 2014





temp. (C) Morphology Phase
SEM
image
Fe(NO3)3 EG 200 Microplatelets a-Fe2O3 Fig. 1a
FeCl3 EG 200 Nanospindles a-FeOOH Fig. 5a
Fe(NO3)3 H2O 200 Polyhedra a-Fe2O3 Fig. 5b
Fe(NO3)3 Ethanol 200 Nanoplates a-Fe2O3 Fig. 5c
Fe(NO3)3 EG 180 Nanorods b-FeOOH Fig. 5d
Fe(NO3)3 EG 220 Polyhedra Fe3O4 Fig. 5e
Fig. 5 SEM images of the products obtained under different condi-
tions: (a) FeCl3$6H2O was used instead of Fe(NO3)3$9H2O as an ion
source; (b) H2Owas used instead of EG as solvent; (c) ethanol was used
instead of EG as solvent; (d) the reaction temperature was decreased
to 180 C; (e) the reaction temperature was increased to 220 C. Scale
bars: 200 nm. (f) XRD patterns of the products obtained under different
conditions as shown in (a)–(e).
Fig. 6 Schematic illustration of the shape evolution of the a-Fe2O3
hollow microplatelets and Fe3O4 hollow nanospheres obtained with
and without NH4F, respectively.












































View Article Onlinethe radius of the solute. Thus, for a high viscous solvent the rate
of diffusion is low, which allows nanocrystals to rotate
adequately to nd the low-energy conguration interface and
form larger aggregates. In fact, organic solvents are widely used
in the shape controlled synthesis of nanostructural metal
oxides.41,42 In particular, many hierarchical assemblies have
been prepared by an EG-assisted solvothermal route.43,44 Since
the diffusion coefficient can be also inuenced by the reaction
temperature, experiments at different temperatures were also
carried out to investigate the effect of temperature on the
product. As shown in Fig. 5d, a lower temperature (e.g. 180 C)
does not favor the formation of plate-like aggregates but prefers
to form nanorods. It is noted that no precipitate is obtained if
the temperature is further decreased to 160 C. While at a
higher temperatures (e.g. 220 C), polyhedra can be obtained
(Fig. 5e). More importantly, the reaction temperature has a
signicant impact on the phase of the product. From the XRD
analysis, it can be seen that the products obtained at 180 C and
220 C are b-FeOOH (JCPDS no. 34-1266) and Fe3O4 (JCPDS no.
19-0629), respectively (Fig. 5f). Table 1 summarizes the phases
and morphologies of the products obtained under different
conditions. The result indicates that the perfect a-Fe2O3
microplatelets can be only obtained at an appropriate temper-
ature (e.g. 200 C) with certain iron precursors (e.g. iron nitrate)
in a high viscous environment (e.g. EG as solvent).
On the basis of previous literature and our experimental
results, a plausible formation mechanism for the hollow
microplatelets was proposed, as shown in Fig. 6. In the initial
stage, Fe3+ would react with EDA to form a relatively stable
distorted octahedral structure of the [Fe(EDA)3]
3+ complex (step
I).38 However, at a high temperature and vapor pressure underThis journal is © The Royal Society of Chemistry 2014solvothermal conditions, the stability of the complex would
decrease and the complex would decompose and release EDA,45
leading to the formation of columnar nanoparticles (step II).46
Herein, EDA may serve as a molecular template and restrict the
growth direction of nanocrystals.45,46 During the following sol-
vothermal reaction, the columnar nanoparticles may redissolve
in the solution and renucleate to form nanoparticles (step III).47
The freshly crystalline nanoparticles are unstable and tend to
assemble into hollow Fe3O4 spheres in the absence of NH4F.
While with the addition of NH4F, the shape evolution is some-
what different. As reported in the literature, F anions are
strong coordination ligands for Fe3+ ions and may selectively
adsorb onto the (100) planes of a-Fe2O3 crystals.27,48 The specic
adsorption of F anions would retard the growth speed along
the [100] direction, leading to the formation of nanoplates.27
Due to the difference in polarity between EDA and EG, EDA can
act as a surfactant to form a layer on the surface of nanocrystals
and induce their assembly.47 Furthermore, because the reaction
takes place in the EG solution with few surface hydroxyls and
high viscosity, the aggregation of nanocrystals is kinetically
slow. Thus the nanocrystals are allowed to rotate adequately to
nd the low-energy conguration interface and form perfectly
oriented assemblies.49 As a result, the nanoplates would
subsequently assemble into microplatelets (step IV).
The fabrication of micro-/nanostructures with tunable
porosity is of great interest since porous materials have many
potential applications. Very interestingly, by simply varying the
concentration of NH4F, a-Fe2O3 hollow microstructures with
similar platelet-like shapes but different porosities can beJ. Mater. Chem. A, 2014, 2, 4340–4346 | 4343
Fig. 8 SEM images of hollow microplatelets obtained after sol-
vothermal reaction with 6 mmol of NH4F.












































View Article Onlinereadily obtained. Fig. 7 shows the SEM images of products
obtained aer solvothermal reaction with different amounts of
NH4F. As shown in Fig. 7a–c, the product obtained with 3 mmol
of NH4F (designated as sample A) is hierarchically constructed
with plate-like subunits with thicknesses of 40 nm. These tiny
nanoplates are cumulated layer by layer in an ordered fashion.
More importantly, many pores are found among these nano-
plates. It is worth mentioning that although the assembling of
nanoplates seems like not very compact, the obtained platelet-
like microstructures are sufficiently stable and cannot be
destroyed into dispersed nanoplates even aer ultrasonic
treatment. When the amount of NH4F is decreased to 2 mmol,
the overall platelet-like shape of the obtained microparticles
(designated as sample B) is maintained while the thicknesses of
plate-like subunits decrease to 32 nm and the assembling
becomes more compact (Fig. 7d–f). Pores can be still found
among the nanoplates but their sizes are signicantly
decreased. Further reducing the amount of NH4F to 1mmol, the
morphology of the obtained product is still unchanged (desig-
nated as sample C). However, the thicknesses of the plate-like
subunits further decrease to 21 nm (Fig. 7g–i). These nano-
plates are attached closely to each other to form microplatelets.
In a word, hollow a-Fe2O3 microplatelets with tunable porosity
can be readily obtained by simply varying the concentration of
NH4F. The change in the porosity of the three samples may be
attributed to the dissolution of Fe3+ ions and the etching
process that is caused by NH4F. The chemical reactions involved
here can be expressed as follows:
Fe2O3 + 12F
 + 6H+ / 2[FeF6]
3 + 3H2O (1)
NH4
+ + H2O / NH3$H2O + H
+ (2)
The chemical dissolution of a-Fe2O3 [eqn (1)] due to etching
by uoride ions is substantially enhanced by the presence of H+
ions [eqn (2)]. As the amount of NH4F increases, more a-Fe2O3
particles are dissolved, leading to the formation of larger poresFig. 7 SEM images of hollow microplatelets obtained after sol-
vothermal reaction with different amounts of NH4F: (a–c) 3 mmol, (d–
f) 2 mmol, and (g–i) 1 mmol.
4344 | J. Mater. Chem. A, 2014, 2, 4340–4346on the surface while the overall morphology remains
unchanged (Fig. 7). However, if a large amount of NH4F is used,
the structure could be destroyed. For example, when increasing
the amount of NH4F to 6 mmol, the surface of the product
becomes noticeably rougher. And the central hollow interior
can be directly observed since the surface particles are totally
dissolved (Fig. 8). This result suggests that NH4F is crucial to the
formation of porous structures.
The N2 adsorption–desorption isothermmeasurements were
performed to examine the specic surface areas and pore size
distributions of the samples. As shown in Fig. 9a–c, the
isotherms of three samples are very similar and can be
considered as type II with the hysteresis loops observed in the
range of 0.5–1.0 P/P0, indicating the presence of mesopores. The
BET surface areas of samples A, B and C are calculated to be
22.8, 16.2 and 11.8 m2 g1, respectively. The insets of Fig. 9a–c
show the pore size distributions of the samples. It can be seen
that the average pore size decreases follow the sequence of A > B
> C. This result conrms that the total pore volume and average
pore size of the microplatelets decrease considerably with the
decrease of the NH4F concentration (Table 2). The structure of
the as-prepared samples A–C was characterized using X-ray
diffraction (XRD). As shown in Fig. 9d, all the diffraction peaks
can be assigned to the phase-pure rhombohedral a-Fe2O3
(JCPDS card no. 33-0664).
Considering their porous structure and reasonable specic
surface areas, samples A–C were then evaluated forFig. 9 N2 adsorption–desorption isotherms of samples A (a), B (b), and
C (c). The insets show the pore size distributions calculated by the BJH
method from the desorption branch of the isotherm. (d) XRD patterns
of samples A, B and C.
This journal is © The Royal Society of Chemistry 2014
Fig. 10 Photodegradation of RhB under visible light irradiation. C and
C0 are the reaction and initial concentration of RhB, respectively.












A 3.0 41 22.8 0.139 19.13
B 2.0 32 16.2 0.096 11.99
C 1.0 21 11.8 0.051 7.78












































View Article Onlinephotodegradation of RhB under visible-light irradiation. In
previous reports, the porous structures did show enhanced
photocatalytic activities when compared with nanoparticles.
The point is that these two categories can hardly be considered
as a pair of parallel subjects since their sizes and shapes are
different from each other. And this makes it difficult to intui-
tively understand the benecial effect of porous structures.
While in this study, the as-prepared samples A–C are with
similar sizes and shapes. And the only difference among them is
that they present different porosities. Therefore, it is possible to
intuitively understand the advantage of porous structures by
comparing their performances. Fig. 10 shows the changes of
RhB relative concentrations as a function of irradiation time.
Obviously, compared to using H2O2, the degradation of RhB is
remarkably enhanced when a-Fe2O3 microplatelets and H2O2
were used as catalysts. Moreover, the photocatalytic activities of
samples A–C increase following the sequence of C < B < A. For
sample A, the higher surface area provides much more active
sites and the presence of pores facilitates efficient transport of
reactant molecules onto the active sites,50,51 thus leading to a
higher photodegradation efficiency than those of the other two
samples.Conclusions
In summary, a-Fe2O3 2D hollow microplatelets have been
prepared by a facile solvothermal method. The effect of
synthetic parameters on the morphology and structure of the
product was systematically studied. And the possible formation
mechanism was proposed. By simply varying the concentration
of NH4F, a-Fe2O3 microstructures with different porosities but
similar platelet-like shapes can be readily obtained. When
evaluated for photodegradation of RhB, the sample with the
highest total pore volume exhibits a signicantly improved
photocatalytic activity. This work presents an intuitiveThis journal is © The Royal Society of Chemistry 2014understanding of the benecial effect of porous structures. And
the samples prepared in this work may also nd potential
applications in lithium ion batteries and solar energy.
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